Abstract. Due to the space-borne missions CoRoT and Kepler, noteworthy breakthroughs have been made in our understanding of stellar evolution, and in particular about the angular momentum redistribution in stellar interiors. Indeed, the high-precision seismic data provide with the measurement of the mean core rotation rate for thousands of low-mass stars from the subgiant branch to the red giant branch. All these observations exhibit much lower core rotation rates than expected by current stellar evolution codes and they emphasize the need for an additional transport process. In this framework, internal gravity waves (herefater, IGW) could play a signifivative role since they are known to be able to transport angular momentum. In this work, we estimate the efficiency of the transport by the IGW that are generated by penetrative convection at the interface between the convective and the radiative regions. As a first step, this study is based on the comparison between the timescale for the waves to modify a given rotation profile and the contraction/expansion timescale throughout the radiative zone of 1.3M stellar models. We show that IGW, on their own, are inefficient to slow down the core rotation of stars on the red giant branch, where the radiative damping becomes strong enough and prevent the IGW from reaching the innermost layers. However, we find that IGW generated by penetrative convection could efficiently modify the core rotation of subgiant stars as soon as the amplitude of the radial differential rotation between the core and the base of the convective zone is high enough, with typical values close to the observed rotation rates in these stars. This result argues for the necessity to account for IGW generated by penetrative convection in stellar modeling and in the angular momentum redistribution issue.
Introduction
Asteroseismology is a powerful tool to probe the internal structure of stars and the seismic data provided by the space-borne missions CoRoT and Kepler turn out to be a goldmine of information for the stellar evolution theory. The detection of mixed modes, which have amplitude both in the innermost layers and in the envelopes of stars, made the measurement of the mean core rotation possible for thousands of stars from the subgiant branch to the red giant branch. The observations clearly show that the mean core rotation moderately increases on the subgiant branch [1, 2] before it strongly drops along the red giant branch [3] . These observational facts are still unexplained by theoretical predictions. Indeed, transport of angular momentum by meridional circulation and shear-induced mixing as included in the current stellar evolution codes are unable to counteract the strong acceleration due to the core contraction [e.g. 4, 5] . Therefore, another mechanism must be found to efficiently slow the core rotation of these stars.
In this framework, internal gravity waves (hereafter, IGW), which are buoyancy waves propagating throughout the radiative zone of stars, may have a significative e-mail: charly.pincon@obspm.fr role to play. Indeed, in presence of differential rotation, IGW are radiatively damped, deposit the angular momentum that they carry into the medium and so can locally modify the internal rotation rate. Two main excitation mechanisms are usually invoked for these waves. Firstly, IGW can be generated by turbulent pressure in the convective bulk [6] . Turbulence-induced IGW have already been shown to be able to explain the quasi-flat rotation profile observed in the solar radiative zone [7, 8] . However, previous work [9] showed that the radiative damping drastically increases near the H-burning shell as the star evolves and should result in a rapid decoupling between these waves and the stellar core as soon as the beginning of the subgiant branch. Secondly, IGW can also be generated by the penetration of convective plumes into the top of the radiative zone. While penetrating by inertia, the convective plumes are slowed down by buoyancy braking and can transfer their kinetic energy into waves, as observed in geophysics or in numerical simulations [e.g. [10] [11] [12] . A semianalytical estimate of the generation of IGW by penetrative convection has already demonstrated the ability of these waves to efficiently affect the rotation of the solar radiative zone [13] . Nevertheless, an extension to more evolved stars is still missing.
Here, we investigate the ability of plume-induced waves to modify a given rotation profile in subgiant and red giant stars. As a first step in the investigation, our study is based on the comparison of the dynamical wavedriven timescale with the contraction/expansion timescale throughout 1.3M stellar models. Moreover, the role of the radial differential rotation amplitude on the transport by IGW is stressed out.
2 Timescales and wave flux generated by convective plumes
Characteristic timescales
The local contraction/expansion timescale is equal to the characteristic timescale of evolution of the internal rotation rate in the case of local conservation of angular momentum. It is given by
with r the radius andṙ the Lagrangian radial velocity of a mass shell at the radius r. The local timescale associated with the transport of angular momentum by IGW, given a rotation profile Ω(r) (within the shellular approximation), is equal to the ratio of the density of angular momentum in the star to the radial divergence of the angular momentum wave flux, i.e.
with ρ the density at the equilibrium andJ the divergence of the mean radial wave flux of angular momentum whose computation requires the knowledge of the wave energy flux, given below by Eq. (4). Therefore, IGW can be said to locally counteract the action of the contraction or the dilatation in the star if t w ≤ t cont . Thus, the comparison of both timescales gives a first hint about the efficiency of the transport of angular momentum by IGW throughout the radiative zone of low-mass stars.
Wave flux of angular momentum
Convective plumes are strong coherent downwards flows that originate from the uppermost layers of low-mass stars and develop across their convective envelope by turbulent entrainment of matter. Once they reach the border with the underlying radiative zone, they penetrate by inertia into the stably stratified layers where they are slowed down by buoyancy braking. This process converts a part of the plume kinetic energy into wave energy, which can then propagate into the radiative zone. To model this excitation mechanism, [13] considered the pressure exerted by an ensemble of incoherent convective plumes in the penetration zone as the source term in the wave equation. By assuming a high Péclet number and a very sharp thermal transition at the base of the convective zone, the mean radial wave energy flux per unit of frequency, for an angular degree l and an azimuthal number m at the top of the radiative zone, can be written as
where r t is the radius at the top of the radiative zone, A is the plumes filling factor in the excitation region, S p = πb Each spectral component of the total wave energy flux emitted from the top of the radiative zone are radiatively damped as it propagates through the radiative region and so contributes to the transport of angular momentum in presence of differential rotation. Then, the total wave energy flux at a radius r can be expressed following [7] 
with
where N is the Brunt-Väisälä frequency, with its thermal part N T , K is the radiative diffusion coefficient, and
is the Doppler-shifted intrinsic frequency. Note that δΩ(r) = Ω(r)−Ω t where Ω t is the rotation rate at the top of the radiative zone. Near a critical layer (i.e. whereω = 0), we will suppose that the considered wave component is totally dissipated and deposits all the angular momentum that it carries into the medium, so that it cannot go deeper in the star.
Efficiency of the transport by IGW

Stellar models and assumptions on the rotation profile
We consider an evolutionary sequence of 1.3M stellar models computed with the evolution code CESTAM [4] that covers the subgiant branch and the beginning of the ascent of the red giand branch. Their location in the Hertzsprung-Russel diagram is plotted in figure 1 . The chemical composition follows the solar mixture as given in [14] , with the initial helium and metal abundances Y 0 = 0.25 and Z 0 = 0.013. We used the NACRE nuclear reaction rates and the OPAL2005 equation of states and opacity tables. The convection was modeled by the mixinglength theory parametrized with α MLT = 1.65. We did not consider microscopic diffusion, overshooting nor rotation.
To compute Eq. (3), we assume that the plume lifetime is 
Conclusions
The comparison of the wave-driven timescale with the contraction/dilatation timescale provides us with a first indication about the efficiency of the transport of angular momentum by IGW generated by penetrative convection throughout the radiative zone of a sequence of 1.3M models. Plume-induced IGW are shown to be inefficient on their own to slow down the core rotation as soon as the star starts ascending the red giant branch because of a too strong radiative damping near the H-burning shell, in agreement with previous works [e.g. 9]. In contrast, we found that these waves are likely to play a major role on the subgiant branch as soon as the amplitude of the differential rotation is high enough. Indeed, the increase in the Brunt-Väisälä frequency as the star evolves, which should lead to a stronger radiative damping, can be balanced by the increase of the Doppler shift in the retrograde waves frequency. These waves can then deposit their negative angular momentum well below the H-burning shell. This scenario is supported by the strong similarities between the rotation rates observed in low-mass stars and the theoretical thresholds for the differential rotation. These preliminary results need for confirmation from a more thorough study accounting for the uncertainties on the wave energy flux parameters and the assumed shape of the rotation profile. This will be subject to a future paper (Pinçon et al., 2016, in preparation) . In a further step, transport by IGW will have to be implemented in a stellar evolution code to model the evolution of the internal rotation along the stars lifetime by taking into account all the transport processes and their interaction with each other.
